The history of saturated macrocyclic polyamines goes back to 1960s. 1) In early days they had been used mostly as chelating agents for transition metal ions for the study of basic macrocyclic coordination chemistry.
The history of saturated macrocyclic polyamines goes back to 1960s. 1) In early days they had been used mostly as chelating agents for transition metal ions for the study of basic macrocyclic coordination chemistry.
2) The discovery of macrocyclic polyethers ("crown ethers") and their novel host-guest properties by Pedersen in late 1960s 3) 
Uptake of Biologically Relevant Polyanions by
Highly Protonated Macrocyclic Polyamines.
Our chemical exploitation of saturated macrocyclic polyamines has led to discoveries of numerous new functions, and synthesis of new functional molecules and supramolecular complexes. In this account, we focus on 1) anion complexes with biologically relevant polyanions at neutral pH; 2) uptake of selective transition metal ions by new peptide-mimic amidecontaining macrocyclic polyamines; 3) specific complexation with noble metal ions; 4) the first fluorinated macrocyclic polyamines; 5) macrocyclic polyamines with new functional pendants; 6) stabilization of unusually high oxidation states of transition metal ions (e.g. Cu III , Ni III ), and uptake and activation of O 2 by the Ni II -peptide-mimic macrocyclic complexes; 7) zinc enzyme models by Zn II -macrocyclic polyamine complexes; 8) selective recognition of a nucleobase thymine (and uracil) in nucleic acids by Zn II -12-membered macrocyclic tetraamine ("cyclen") complexes; and 9) new supramolecular assemblies from Zn II -cyclen building blocks in aqueous solution.
It has been known that naturally occurring linear polyamines such as spermidine 1 and spermine 2 (as protonated species) bind with adenosine mono-(AMP 5)
The protonated 9-citrate 3-complex formation was initially discovered during identification of MP on paper electrophoresis in citrate buffer. 6) The phosphate recognition by MP also took place at membrane surfaces. M) than the previous electrochemical methods. Therefore, 10 or its homologue may serve a new ATP sensor prototype.
A new ditopic host molecule 11, composed of 9 and benzo-15-crown-5 covalently linked, were synthesized, which formed 1:1 complexes (K ～10 2 M -1 ) with zwitterionic molecules such as amino acids, peptides, or dopamine in aqueous solution at neutral pH. 8) The crown ether moiety and the protonated MP concertedly interacted with guests at the ammonium cation segment and anionic (or catechol) segment, respectively.
Selective Uptake and Transport of Metal Ions by Dioxocyclam 6
Saturated macrocyclic polyamine ligands (L) can complex with virtually all kinds of heavy metal ions and transition metal ions. All of these complexes ML n+ are thermodynamically so stable (log K ML > ~15) that they cannot practically be used for selective metal chelating agents. Another disadvantage with the strong MP complexation is irreversibility; i.e. the metal dissociation from MP complexes is so slow that recovery of metal ions is very difficult. As a consequence, MP, unlike macrocyclic polyethers, are unsuitable for membrane carriers of metal ions.
We therefore investigated dioxocyclam 6 that we viewed as a hybrid ligand of cyclam 5 and a tripeptide.
9) The original idea came from a Cu II -carrier protein in human blood, whose N-terminal Asp-Ala-His tripeptide part is responsible for the function of Cu II -uptake and -release by deprotonation or protonation of its two amides (Fig. 3a) . Indeed, 6 was found to capture specifically Cu II, Ni II , Co II , Pd II , and Pt II that tend to take an N 4 square-planar configuration, accompanying concomitant dispelling of the two amide protons at neutral pH (Fig. 3b ). 34, 35) and imidazole-pendant cyclam derivatives (45) 36, 37) were synthesized from each correspondingly substituted a,bunsaturated carboxyesters.
These M II( H -
The facile coordination to the metal ions held in the macrocycles by the phenol side-arms in 39, 34) Moreover, it was insufficient in elucidating thermodynamic functions of Zn, such as mechanism of CA inhibition by anions or aromatic sulfonamides.
In 1990, 44) we have discovered that a 12-membered macrocyclic triamine [12] alkoxide transfer to product B (corresponding to the hydration of carbonyls in CA). (Fig. 11) . apparently by the attack of a spontaneously generated Zn-OH -.
The rate-determining step in the overall reaction was thus the first "acetyl transfer" process ( Fig. 12) .
Fig. 12 Mechansim of catalysis of p-nitrophenol acetate hydrolysis by 61
The second-order rate constant for NA hydrolysis by [12] aneN 3 -Zn-OH -under the identical conditions was 3.6 x 10 (Fig. 13) .
Fig. 13 Mechanism of catalysis of p-nitrophenolacetate hydrolysis by 66
Later, a new benzylalcohol-pendant cyclen complex with ), having the maximum rate at pH 5.9. The overall reaction picture of the P-O ester bond-cleavage was unambiguously drawn on the basis of the mechanistic study (Fig. 15) . predominates at lower pH (< 7) and 82 becomes predominant at pH > 7. The 84-homologue (phenyl phosphate in place of NPP) complex was isolated and its X-ray crystal analysis confirmed the structure. 
Evolution of Macrocyclic Polyamines From Molecular Science to Supramolecular Science
Bull. Jpn. Soc. Coord. Chem. Vol. 59 (2012) 40 Thus, membrane transport of dT, U, or relevant drugs (e.g.
AZT) becomes possible from weak alkaline pH to acidic pH aqueous solution, which is coupled with proton antiport.
Recognition of Thymine (or Uracil) Base in
Single and Double-Stranded Nucleic Acids (Fig. 18) . We found that the linear tris(Zn-cyclen) 91 is the most potent inhibitor compound ever reported for the TAR-TAT binding, due to its extremely strong binding to the UUU bulge.
Footprinting analysis using micrococcal nuclease, RNase A and phosphodiesterase I has revealed the UUU bulge to be strongly protected by 91 in the TAR model RNA sequence.
Then, we studied inhibition of the complexation of TAR with a TAT-consensus peptide by a gel mobility shift assay.
Among the Zn-cyclen complexes tested, 91 was the most potent inhibitor with an extremely low IC 50 value of 20 nM (Fig. 20) . By comparison, the currently most potent inhibitor is aminoglycoside antibiotics, neomycin (IC 50 = 1 μM In a preceding Chapter, we have described recognition of thymine and uracil (both mono-imide compounds) by supercomplex 100, isolated as crystals in a quantitative yield (Fig. 21) . (Fig. 22a) . This is the first example of the trianionic CA form in aqueous solution, apparently stabilized by the Zn II coordination. As shown in Fig. 22 b, complex as crystals. represented schematically as a trigonal prism (Fig. 25) ; its prism length is 2.9 Å, the distance between two adjacent TCA , as confirmed by potentiometric pH, UV/ Vis spectrophotometric titrations and X-ray crystallographic analyses (Fig. 26) . 91) 
